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(54) Title: INTEGRATED X-RAY SOURCE MODULE 



^5 (57) Abstract: Described is a self-contained, small, lightweight, power-efficient and radiation-shielded module that includes a 

^ miniature vacuum X-ray tube emitting X rays of a controlled intensity and defined spectrum. Feedback control circuits are used 

^ to monitor and maintain the beam current and voltage. The X-ray tube, highvoltage power supply, and the resonant converter are 

^ encapsulated in a solid highvoltage insulating material. The module can be configured into complex geometries and can be powered 
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INTEGRATED X-RAY SOURCE MODULE 

BACKGROUND 

5 

Technical Field 

This application generally relates to X-ray generation equipment, and more 
particularly to a small, lightweight, and power-efficient X-ray source module, 

10 Description of Related Art 

Devices including X-ray systems are used in the field for a variety of 
purposes including, for example, XRF (X-ray fluorescence) analysis of metals, ores, 
soil, water, paints and other materials, identification of taggant materials for security 
purposes, and analysis of materials in bore holes. Until recently, field-portable XRF 

15 instruments used radioactive sources, such as Cd-109, to provide the required X-ray 
flux. However, the intensity of a radioactive source decays with time requiring 
frequent recalibration, and radioactive sources are subject to strict regulatory control 
v/ith respect to transportation, storage and disposal. Moreover, a radioactive source 
cannot be turned off when not in use, further exacerbating the safety issues associated 

20 with such a source. 

As an alternative to the radioactive source, the devices may include X-ray 
systems that use an electronic X-ray source for XRF and other X-ray analytical 
applications. X-ray sources that operate at power levels of 5 watts or less at voltages 
25 in the range of approximately 5 - 100 kV are known to fulfill the intensity and spectral 
requirements for most field-portable X-ray instruments. For practical considerations, 
it may be desirable to have a field-portable X-ray source that is small and lightweight, 



fits into an ergonomic hand-held enclosure, is powered from a lightweight battery 
such as a dry cell, and incorporates radiation shielding to prevent stray radiation from 
the X-ray tube from reaching the operator. Furthermore, it may be desirable to have 
the X-ray source voltage and current be highly regulated, (e.g., such as better than a 
_,0.1% variation), to pro^ 

also be desirable to have a device such that the operating parameters of the device can 
be externally controllable by other electronic circuits contained within the instrument. 
Conventional X-ray tubes and their associated electronics are typically designed to 
operate at much higher power levels of 50 watts and above. They are too bulky, too 
heavy, and require too much electrical power for field-portable applications. 
Therefore, there is a need for a high accuracy and stability, low-power, lightweight, 
compact, radiation shielded X-ray source for use in XRF instruments and other 
portable and hand-held X-ray analytic instruments. 

Radiation shielding of a hand-held X-ray generating device is particularly 
difficult. X-ray shielding usually takes the form of a layer of high atomic number, 
high density material, such as lead, tungsten, or molybdenum surrounding the X-ray 
source. Since an X-ray tube operating at 5-100 kV emits X-rays uniformly in all 
directions from the electron beam focal spot on the X-ray target, emission in 
directions other than along the desired X-ray beam direction must be shielded. In 
practice, some shielding is provided by the walls of the X-ray tube itself, and by the 
coolant fluid (if any) and electrically insulating material that surrounds the X-ray 
tube, but this is usually not sufficient to prevent exposure of personnel in close 
proximity to the tube. In order to minimize the total mass of shielding material, it may 
be desirable to have the shielding material mounted as close to the source of X-rays 
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as possible. However, this is usually not possible in practice due to the presence of the 
coolant fluid and electrical insulation mentioned above. Furthermore, if shielding is 
provided by an external housing formed from radio-opaque material, extreme care 
must be taken to eliminate any cracks or seams in the housing. Satisfactory shielding 
5 is typically accomplished by providing a region of overlap at every seam, further 
increasing the total weight of the shielding material. Extreme care must also be taken 
to ensure that the shielding material cannot shift relative to the source of X-rays. This 
is particularly important in a portable unit that may be subject to large mechanical and 
thermal stresses in the field. 

0 

Thus, it may be desirable to have a low-power X-ray system that may be used 
for field applications which overcomes the drawbacks of existing systems. 



•i 

SUMMARY OF THE INVENTION 

In accordance with one aspect of the invention is a system that generates X- 
rays. An X-ray tube emits X-rays. Electron beam current control electronics 
controls an electron beam current of said X-ray tube using a first feedback signal 

-5. . based on a. measure of anelectronbeamxurcent of^^ 

control electronics controls a high voltage power supply using a second feedback 
signal based on voltage sensing, wherein a resonant converter drives said high voltage 
power supply and a beam current sense resistor is connected to an anode of the X-ray 
tube and said beam current sense resistor to generate said first feedback signal. 

10 

In accordance with another aspect of the invention is a system that generates 
X-rays. An X-ray tube emits X-rays. A high voltage power supply coupled to said X- 
ray tube supplies a high voltage for use with said X-ray tube and is driven by a 
resonant converter. The X-ray tube includes a filament. A control circuit controls 
15 said high voltage power supply and is responsive to a voltage feedback signal. 

In accordance with yet another aspect of the invention is a radiation-shielded 
X-ray module. An X-ray tube emits X-rays. A high voltage power supply coupled to 
said X-ray tube supplies a high voltage for use with said X-ray tube. An electrical 
20 connection connects the X-ray tube to the high voltage power supply, wherein the X- 
ray tube, the high voltage power supply and the electrical connection are encapsulated 
in a solid, electrically-insulating material containing a radio-opaque material. 

In accordance with still another aspect of the invention is an X-ray module 
25 that includes an X-ray tube; a resonant converter, a high voltage power supply driven 
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by the resonant converter, and an electrical connection that connects the X-ray tube to 
the high voltage power supply and connects the high voltage power supply to the 
resonant converter. The X-ray tube, high voltage power supply and electrical 
connection connecting the X-ray tube to the high voltage power supply are 
5 encapsulated in a solid, electrically-insulating material. 

In accordance with another aspect of the invention is an X-ray module 
including an X-ray tube that includes a filament and emits X-rays, a resonant 
converter, a high- voltage power supply driven by said resonant converter, low- voltage 
10 control electronics; and an electrical connection that connects the X-ray tube to the 
high voltage power supply, connects the low-voltage control electronics to the 
resonant converter and connects the resonant converter to the high-voltage power 
supply. 

15 In accordance with yet another aspect of the invention is a method of 

producing an X-ray module including: encapsulating electronic components used in 
X-ray emission in a solid cast block including a radio-opaque material; and 
surrounding said solid cast block by a conductive layer. 

20 In accordance with another aspect of the invention is control electronics used 

in an X-ray emitter. Electron beam current control electronics controls an electron 
beam current using a first feedback signal based on current sensing of an emitted 
beam current. A beam current sense resistor is connected to an anode of an X-ray 
tube. The beam current sense resistor is used to generate said first feedback signal. 

25 High voltage control electronics controls a high voltage power supply using a second 



feedback signal based on voltage sensing, wherein a resonant converter drives said 
high voltage power supply. 

In accordance with another aspect of the invention is a method for controlling 
„5 — electron beam-current and-voltage of an-X-ray-emitting-device drive-by~ a high-voltage - 
power supply including: producing a first feedback signal used in electron beam 
current control electronics that controls an electron beam current, said first feedback 
signal being based on current sensing of an emitted beam current, wherein said first 
feedback signal is generated using a beam current sense resistor connected to an 
10 anode of an X-ray tube; and producing a second feedback signal used in high voltage 
control electronics that controls a high voltage power supply, said second feedback 
signal being based on voltage sensing, wherein a resonant converter drives said high 
voltage power supply. 

15 In accordance with yet another aspect of the invention is a radiation-shielded 

X-ray module including: an X-ray tube that emits X-rays, a high voltage power supply 
coupled to said X-ray tube that supplies a high voltage for use with said X-ray tube, 
and an electrical connection that connects the X-ray tube to the high voltage power 
supply. The X-ray tube is encapsulated in a solid, electrically-insulating material 

20 containing a radio-opaque material. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Features and advantages of the present invention will become more apparent 
from the following detailed description of exemplary embodiments thereof taken in 
5 conjunction with the accompanying drawings in which: 

Figure 1A is an example of an embodiment of a system including a modular 
X-ray source showing a longitudinal section of the encapsulated high voltage unit 
containing the X-ray tube and high voltage electronics, and the low voltage power and 
10 control circuit connected to the modular unit via an electrical cable. 



Figure IB shows a side view of the embodiment of Figure 1A according to the 
system described herein. 

15 Figure 1C is an example of another embodiment of a system including a 

modular X-ray source. 

Figures 2A-2D are different perspectives of another embodiment according to 
the system described herein. 

20 

Figure 2E is an example of an embodiment of an arrangement of components 
according to the system described herein. 



.4 

<> 

1 

Figure 3 A is an example of a block diagram of an embodiment of a High 
Voltage Control Loop and Power Supply according to the system described herein. 

Figure 3B is an example of a block diagram of an embodiment of a Beam 
5 Current Control Loop and Filament Transformer and X-Ray Tube according to the .~~ 
system described herein. 

Figure 4A is an example of a schematic of an embodiment of a KV Error 
Processing and KV Monitor Output Filter block according to the system described 
10 herein. 

Figure 4B is an example of a schematic of an embodiment of a Resonant 
Converter according to the system described herein. 

15 Figure 4C is an example of a schematic of an embodiment of an HV 

Multiplier block according to the system described herein. 



Figure 5 A is an example of a schematic of an embodiment of BC Error 
Processing and BC Monitor Output Filter blocks according to the system described 
20 herein. 



Figure 5B is an example of a schematic of an embodiment of a Filament 
Drive block according to the system described herein. 

8 
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Figure 5C is an example of a schematic of an embodiment of a Filament 
Drive Step Down Isolation Transformer and X-ray tube according to the system 
described herein. 

5 

Figure 5D is an example of an embodiment of components used for beam 
current sensing. 

Figure 5E is an example of another embodiment of components used for beam 
10 current sensing. 



DETAILED DESCRIPTION OF EMBODIMENT(S) : 

Referring now to Figure 1A, shown is an example of an embodiment 10 of a 
modular unit 400 connected by a cable 800 to a printed circuit board (PCB) 700. 
„E)etailsjrfihe„P£B^ 



following paragraphs. The modular unit 400 is encased in an electrically insulating 
potting material 600 and surrounded by a grounded conducting surface 650. The unit 
400 is powered by a low voltage power and control circuit on PCB 700 that obtains 
electrical power from a standard storage battery included thereon. It should be noted 

10 that other embodiments may include a battery in an arrangement in which the battery 
is not located on the PCB 700. The low voltage circuit included on PCB 700 may be 
located external to the high voltage module unit or modular unit 400, or it may be 
located within the insulating potting material. In either case, the low voltage circuit is 
connected to the module via an electrical cable or by another suitable board-to-board 

15 connector. 

It should be noted that embodiment of Figure 1 A depicts a system 10 that is 
drawn approximately to scale that may be used, for example, in applications for hand- 
held instruments. Other embodiments may use other sizes for the system 10 in 
20 accordance with a particular application and device. 



The modular unit 400 is encapsulated in a rigid, non-conducting, high- 
dielectric-strength material 600 such as epoxy, and the grounded conducting surface 
650 in this embodiment is a thin-layer or coating adherent to the outer surface of the 
25 rigid encapsulating material 600. 
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Figure 1 A shows the encapsulated unit 400 and separate low voltage power 
and control circuit on a PCB 700 in accordance with one embodiment The unit 400 
comprises a miniature low-power X-ray tube 120, a high voltage power supply 
5 component 118, a voltage sensing resistor 122 and a filament transformer 230. The 
unit 400 is designed to be used in conjunction with a low voltage power and control 
circuit that may be included on PCB 700 that obtains electrical power from a standard 
storage battery. 



10 In Figure 1 A, the low voltage power and control circuit may be mounted on a 

single printed circuit board 700, connected to the unit 400 by a thin, flexible low 
voltage cable 800. This configuration may reduce overall size and provide greater 
flexibility in integrating the invention into certain existing and new applications. 
Alternately, any or all parts of the low voltage power and control circuit can be 

15 contained within the encapsulated unit 400. Moreover, a mechanical interface may be 
incorporated into the foregoing to permit attachment of accessories to the front of the 
X-ray tube window, or attachment of the foregoing device, or one of its components, 
to an external structure. This interface can take the form, for example, of a series of 
threaded holes or other mechanical-locating features, including flanges and tabs. 

20 

The components of the unit 400 are encapsulated within a solid, cast block 600 
made from a non-conducting, high dielectric strength material. The block 600 may be 
cast from epoxy, urethane, or silicone potting compound. In one embodiment, the 
block is cast from a rigid, two-part epoxy resin casting system, such as Emerson & 
25 Cuming Stycast 2850FT, which is rigid when cured. Alternately, the block may be 



cast from a semi-rigid urethane material, such as Product No. 200/65 from P.D, 
George Co. (St. Louis, MO). Resin casting techniques known in the art may be 
employed to ensure that the cast material is free from entrained air, since air pockets 
create regions of enhanced electric field which can lead to high voltage breakdown. 

5 JTieseJ^hniqu^s_m 

and curing under pressure. The high voltage block is surrounded by a thin conductive 
layer typically 1 mil to 2 mil in thickness, for example, to shield the electric fields 
produced by the X-ray tube and associated electronics. 



10 The thin conductive layer 650 is preferably applied directly to the outer 

surface of the high voltage block. The layer may be formed of a conducting metallic 
paint, such as Super Shield Conductive Nickel Coating (MG Chemicals, Toronto, 
Canada), or of a thin metal foil (e.g. 1-2 mil thick of aluminum or copper foil) or 
metallized polymer (e.g aluminized Mylar). If a thin foil is used, it may be made to 

1 5 adhere directly to the high voltage block with a suitable adhesive. The conductive 
layer is typically held at essentially ground potential relative to the high voltage 
power supply and other electronics in the X-ray instrument. This may be 
accomplished, for example, by providing a ground pad on the encapsulated unit that is 
electrically connected to the high voltage power supply and is covered by the 

20 conductive coating when the coating is applied. 



The X-ray tube 120 shown in Figure 1 A is an end-window tube located at the 
distal end of the narrow neck extending from the main portion of the block. Even 
when space is limited, this geometry allows the output window 450 of the X-ray tube 
25 to be placed in close proximity to the region to be irradiated, thereby providing the 
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highest possible X-ray intensity at that location. The neck is shown oriented at an 
angle to the rest of the high voltage module. 

It will be appreciated that the geometry shown is only exemplary, and that the 
5 high voltage module 400 can easily be fabricated in a wide variety of geometrical 
arrangements, as dictated by the requirements of a particular application. For 
example, some applications may benefit from an X-ray tube with a side-looking 
window, while others may benefit from a curved neck. In fact, the encapsulation 
material can be cast into virtually any geometry that is compatible with the electrical 
1 0 function of the internal components. Resin casting techniques are well-known in the 
art. In the example shown, the X-ray tube 120 uses a hot-filament electron emitter 
that receives electrical power from the filament transformer 230. Other electron 
emitters may also be used, for example, such as cold cathode emitters that do not 
require a filament transformer. 

15 

The connection between the secondary of the filament transformer and the 
filament of the X-ray tube is made using a coaxial cable in order to minimize 
electrical noise generated by the filament drive circuit. Figure 1 A shows the X-ray 
tube connected to the high voltage generator and filament transformer by a rigid 

20 coaxial cable 460 in which the space between the inner and outer conductors is filled 
with the electrically-insulating encapsulation material. Alternately, a commercially- 
available flexible coaxial cable could be used. In Figure 1 A, the high voltage terminal 
of the high voltage power supply component 1 18 is shown connected to the outer 
conductor of the coaxial cable, and the outer conductor is in turn connected to the 

25 cathode end 410 of the X-ray tube. Alternately, the connection between the high 



I 

voltage generator and the cathode of the X-ray tube can be made via the inner 
conductor of the coaxial cable. The secondary of the filament transformer is 
connected across the filament leads of the X-ray tube. In this configuration, the 
current supply and return conductors of the filament drive circuit are coaxial, thereby 

Ji minimizing AeelectricaLp^^ 

the filament transformer. Since the filament circuit typically carries the highest 
current in a low power X-ray module, it is especially important to minimize electrical 
noise produced by the filament circuit. This is particularly important in a compact 
hand-held unit in which noise-sensitive X-ray detection circuitry may be placed in 

10 close proximity to the X-ray tube . 

The high voltage power supply component 118, the voltage sensing resistor 
122 and the filament transformer 230 (if required) of Figure 1A are preferably 
positioned in the module so that the regions at high voltage are in close proximity to 

15 one another. Likewise, the high voltage end of the X-ray tube is preferably positioned 
as close as possible to the other components at high voltage, while remaining within 
the constraints of the geometry of the X-ray instrument. The shape of the surrounding 
encapsulation material is chosen so as to provide sufficient electrical insulation 
between the power supply components and the grounded conductive coating. Thus, 

20 internal components that reach high voltages during operation may be surrounded by 
a larger thickness of encapsulating material than components that normally operate at 
lower voltages. 

The maximum thickness of encapsulating material is determined by the 
25 maximum rated operating voltage of the unit with an additional safety factor to 

14 
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account for electric field enhancements at the surfaces of the internal components. For 
example, for a module operating at a maximum voltage of 40 kV, high voltage 
insulation is achieved using 0.25 inches or less of a cast epoxy material with a 
nominal dielectric strength of 625 V/mil. 



The high voltage power supply component 1 1 8 may be, for example, a 
Cockroft- Walton-type voltage multiplier, as is well known in the art. Other power 
supply configurations are also possible, including, for example, symmetrical cascade 

10 voltage multipliers, and step-up transformers. The multiplier in this embodiment 
which serves as the power supply component 1 18 is a 12 stage series-fed multiplier 
operating at a frequency of approximately 70 kHz and driven by a step-up transformer 
136 with a turns ratio of 125: 1 . For a terminal voltage of 35 kV, the voltage per stage 
is approximately 2.9 kV. The output of the high voltage multiplier 1 18 is connected to 

15 the X-ray tube 120 through a 10 kOhm current limiting resistor 520. The voltage 

sensing resistor 122 is a precision voltage divider with divider ratio of approximately 
10,000:1 and a total resistance of 1-10 Gigohms. 



20 The filament transformer 230 in this embodiment includes a primary winding, 

a secondary winding, and magnetic core. As known in the art, the turns ratio, defined 
as the number of secondary winding turns divided by the number of primary winding 
turns, may be adjusted to match the voltage and current range of the filament to the 
drive circuitry. The magnetic core may be "U" shaped, toroidal, bobbin or other 

25 commonly used magnetic core geometries. The core material is preferably ferrite, but 



may be another material such as, for example, silicon steel, powdered iron, or 
metglass. In the embodiment described herein, the filament transformer uses a 
toroidal ferrite core, such as Magnetics part number 41809-TC, and is configured as a 
step-down transformer having 32 primary turns, and 5 secondary turns. 

The X-ray tube 120 of the embodiment of Figure 1 A is preferably a metal- 
ceramic, end-window X-ray tube operating with the anode at ground potential 
Referring back to Figure 1 A, the X-ray tube 120 includes a cathode end 410 and an 
anode end 420, separated by a ceramic insulator 430. To meet the requirements for 

10 use in a hand-held XRF instrument, the X-ray tube operates at an electron beam 

current of up to 50-100 microamperes at a maximum operating voltage of 35-40 kV. 
X-ray tubes with these parameters are available in suitably small sizes from several 
commercial suppliers. For example, Moxtek (Orem, UT) manufactures a metal- 
ceramic, end-window, transmission target X-ray tube with approximate dimensions 1 

1 5 x 0.38 inch. Newton Scientific Inc. (Cambridge, MA) manufactures a metal-ceramic, 
end-window X-ray tube with similar operating parameters and approximate 
dimensions 1.5 x 0.34 inch. X-Ray and Specialty Instruments Inc. (Ypsilanti, MI) also 
manufactures a similar X-ray tube with dimensions 1.5 x 0.25 inch. 

20 The aforementioned tubes are configured as an evacuated, sealed ceramic tube 

terminated at one end by an electron emitter (cathode) assembly designed to operate 
at high voltage and at the other end by an X-ray transmission target comprising a 
beryllium X-ray window coated on the electron beam side with a thin layer of X-ray 
target material. Commercially available target materials include Ag, Pd, W, and 

25 others. The end-window, grounded anode configuration is preferable because it 
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allows the X-ray target and electron beam focal spot to be located close to the outer 
surface of the X-ray module, as illustrated in Figure 1A, thereby maximizing the 
available X-ray intensity for a given tube current and voltage. 

5 Small X-ray tubes with the appropriate operating parameters and side-looking 

X-ray windows are also available, and may be preferred in some applications. An 
example is the TF1000/3000 Series X-ray Tube from OxfordTRG, (Scotts Valley, 
CA). All of the aforementioned X-ray tubes use hot tungsten filament e lectron 
emitters that operate at power levels of less than 5 watts. A small cold cathode X-ray 
10 tube has also been developed by OxfordTRG, and is available in a configuration 
suitable for use in the X-ray module of the present invention. In an embodiment 
including the cold cathode, components of Figure 1A, such as the filament 
transformer 230, may be omitted since electrical power is not needed. 

15 Radiation shielding is provided in the embodiment of Figure 1A by adding an 

electrically insulating, radio-opaque filler material to the encapsulating material of the 
high voltage block 600. It should be noted that any one or more of techniques known 
in the art may be used to mix filler materials into the potting compounds. Examples 
of such filler materials are compounds (e.g., oxides, sulfates, or carbonates) of 

20 tungsten, lead, barium, aluminum, calcium, tantalum, tin, molybdenum, copper, 

strontium, or bismuth, or non-compounded forms of these elements. Such compounds 
are preferably stable compounds with low formula weights for a given amount of the 
heavy element (e.g., the mass of the heavy element should be high with respect to the 
mass of the other materials in the compound). In addition, the filler should not 

25 interact with the epoxy so as to degrade the epoxy. Because the encapsulating 



material 600 provides electrical insulation between the high voltage cathode end 410 
of the X-ray tube and the electrically grounded coating 650, the filler should also have 
a sufficiently high dielectric strength to withstand the voltage that would otherwise be 
directed from the X-ray tube to the coating 650. Materials containing high atomic 

^5 — number.elements,_such„asJeadj3xide,iung 

oxide, are preferred when a high degree of attenuation is to be provided by a relatively 
small thickness of filled epoxy. 

The amount of radio-opaque material required for a particular application 
10 depends on the photon energy spectrum of the X-ray source and on the degree of 
radiation attenuation desired. It is well known that an X-ray source of the type 
described above emits a continuum (or bremsstrahlung) photon spectrum with a 
maximum energy equal to the product of the maximum voltage and the electron 
charge. Hence, an X-ray source operating at a voltage of 35 kV will emit a broad 
1 5 spectrum with an end-point photon energy of 3 5 ke V. It can be shown by 

straightforward calculation that a thickness of 0.5 mm of lead will provide an 
attenuation factor of approximately 10 7 for such an X-ray source. It can also be shown 
by straightforward calculation that an equivalent degree of attenuation can be 
provided by a layer 0.25 inches thick of lead-oxide filled epoxy incorporating 
20 approximately 1 1 % by volume of lead oxide. For example, a standard epoxy resin 
such as Emerson & Cuming Stycast 2850 FT, can be mixed with 1-2 micrometer 
particle size lead oxide powder to achieve the required attenuation factor. 

A commercially available lead oxide filled epoxy such as RS-2232 Lead 
25 Oxide Filled Epoxy Resin from Resin Systems, Amherst, NH, can also be used. 
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Alternately, a resin filled with compounds (e.g., oxides, sulfates or carbonates) of 
tungsten, lead, calcium, tantalum, tin, molybdenum, copper, strontium, barium, 
bismuth, or a combination of any of the above, can be used in the foregoing 
embodiment. These elements may also be used in their pure form, as long as the 
5 filled resin is still substantially nonconductive. It is well known that high atomic 
number elements and their compounds are effective absorbers of X-ray radiation. 
Thus, other high atomic number elements and their compounds may also be used, 
alone or in combination with the materials listed above. 

10 As shown in Figure 1 A, the radio-opaque filled epoxy 600 completely 

surrounds the X-ray tube 120, with the exception of the X-ray output window 450. 
The radio-opaque epoxy 600 provides electrical insulation between the high voltage 
cathode end 410 of the X-ray tube and the electrically grounded conductive coating 
650. The radio-opaque epoxy 600 also provides electrical insulation along the surface 

15 of the ceramic high voltage insulator 430 of the X-ray tube. Thus, the radio-opaque 
epoxy 600 is in intimate contact with the entire outer surface of the X-ray tube, 
thereby providing the lightest weight configuration for a given desired radiation 
attenuation factor. In some applications, it may be advantageous to reduce the 
thickness of the epoxy near the X-ray output window to permit placement of the 

20 output window close to the material to be irradiated. In such cases, additional 

radiation shielding may be provided by a hollow cylinder 440 of high atomic number 
material, such as tungsten, positioned around the anode end of the X-ray tube, as 
illustrated in Figure 1 A. 



Referring now to Figure IB, shown is a side profile view of the unit 400 
shown in Figure 1 A. 

Referring now to Figure 1C, shown is an example of another embodiment 12 
of a system including.a modular,X-ray.soura^ 

encapsulated portion 14 and an encapsulated X-ray portion 16 electrically connected 
using interconnect wiring 18. In this embodiment, the interconnect wiring 18 may be, 
for example, a coaxial cable although other embodiments may use other types of 
connections between one or more portions for electrical connectivity as needed. The 

10 X-ray tube is encapsulated in 4 the portion 16 separately in a solid encapsulation 

material , and is connected to the first encapsulated portion 14 which, in this example, 
includes the high voltage power supply and filament transformer. As in the previous 
embodiment described herein, in the embodiment of Figure 1C, the encapsulation 
material 600 may surround any or all parts of the X-ray tube, except the X-ray output 

15 window. The encapsulation material may contain a radio-opaque material, thereby 
providing effective radiation shielding of the output of the X-ray tube in all directions 
other than the direction defined by the X-ray output window. The electrical 
connection between the X-ray tube and the high voltage power supply and filament 
transformer may be made using a flexible or rigid electrical cable. In order to provide 

20 maximum shielding from electrical noise, the cable may be preferably a coaxial cable. 
In this embodiment of Figure 1C, the conductive coating 650 surrounds the 
encapsulated X-ray tube unit and is electrically connected to the ground of the high 
voltage power supply via the electrical cable. 
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The foregoing embodiment 12 may have advantages in some applications in 
which the X-ray tube is placed in a part of an X-ray instrument in which space is very 
restricted. It should be appreciated that other arrangements of the electrical 
components of the X-ray module are also possible and may be preferred in certain 
5 applications depending on the exact configuration of the X-ray instrument in which 
the inventive X-ray unit is incorporated. For example, the filament transformer may 
be encapsulated together with the X-ray tube, and the unit containing the X-ray tube 
and filament transformer connected to the high voltage power supply with an 
electrical cable. 

10 

An embodiment may also include more than two separate groupings of components of 
the system or device and may also include a different grouping of components than as 
described herein. Additionally, although the embodiments described herein as 10 and 
12 include groupings of components in encapsulated portions, one or more of the 
15 groupings may omit encapsulation in accordance with the particulars of each 
implementation and applications. For example, referring back to Figure 1C, an 
embodiment may have only one of portions 14 or 16 encapsulated rather than both. 

In an embodiment, one or more groupings may be encapsulated but not all 
20 groupings may include the radio-opaque material. For example, in the embodiment of 
Figure 1C, the first encapsulated portion 14 may be cast in encapsulating material that 
does not include radio-opaque material, and the X-ray tube may be cast in 
encapsulating material that includes radio-opaque material. In this way the radio- 
opaque material is used to shield the X-ray emitter, where it is needed most, whereas 



the first encapsulated portion is rendered lighter in weight by not including the radio- 
opaque material. 



Referring now to Figures 2A, 2B, 2C and 2D, shown are different views of 
5 another embodiment according to Jhe 

embodiment as shown in Figures 2A-2D, the unit 400 is encapsulated in a semi-rigid 
material such as urethane or silicone, and enclosed within a separate, rigid lightweight 
conducting housing 900. 

1 0 It should be noted that in an embodiment, the encapsulating material 600 may 

contain radiation shielding material to shield X-rays emanating from the unit in 
directions other than the desired X-ray beam direction. 

In connection with the circuitry included on the PCB 700 in order to reduce 
15 power consumption (an important consideration in battery-powered portable 
applications), a high-efficiency power supply and high precision, high accuracy 
control circuitry is described herein for generating and controlling the high voltage 
necessary to accelerate the X-ray tube electron beam and for creating an electron 
beam by thermionic emission from a heated filament. 

20 

As described in following paragraphs, high voltage output is under closed- 
loop control and established through an input control signal. A negative voltage is 
used to permit operation of the tube in a grounded anode configuration, which may be 
desirable in certain applications. The power supply can also provide positive high 
25 voltage output, in which the cathode is at ground potential. The beam current circuit 
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may be used to generate and control the electron beam current in the X-ray tube. The 
beam current is under closed-loop control with a magnitude established through a 
beam current input control signal. Although, both the high voltage and beam current 
input control signals are analog input voltages in the embodiment described herein, 
5 digital inputs including parallel or serial digital bit streams may also be included in an 
embodiment. 

Referring now to Figure 2E, shown is an example arrangement 4000 of an 
embodiment of components that may be included in the system 10 of Figure 1A. The 

1 0 arrangement 4000 includes a first portion of components to physically reside on the 
PCB 700 and a second portion of the components to physically reside within the 
module 400. Connections between these two portions of components are maintained 
by the cable 800. It should be noted that this is one particular physical division of the 
components and connections therebetween. Other embodiments may designate a 

1 5 different physical division and arrangement of the components described herein. For 
example, in one embodiment, the components may all reside within the encasing of 
the module 400 rather than on a separate PCB 700. The particular arrangement may 
vary in accordance with the particular physical requirements of the device. 

20 In this embodiment, the PCB 700 including the Low Voltage Control 

Electronics includes a High Voltage Control Loop 1000, and a Beam Current Control 
Loop 2000. The Module 400 includes a High Voltage Power Supply 1500, and a 
Filament Transformer and X-Ray Tube 2500. 



A power supply, such as a battery, may be included on the PCB 700 to supply 
power thereto. The signal KVJENABLE 138 and an input control signal KV_CTRL 
100 are inputs to the High Voltage Control Loop 1000 which produces as a system 
output signal KV_MON 134. This output signal 134 is proportional to the high 

_ 5 voltage output and js.provided „to allow external equipment to monitor the hi gh ^ 

voltage actually achieved in comparison to the high voltage requested by the 
KV_CTRL input signal, thereby providing a means for fault detection. Also input to 
the High Voltage Control Loop 1000 is the KVJFDBK signal 104 and 
KV_GNDJSENSE signal 1 24. Also produced as output signals from the High 

10 Voltage Control Loop 1000 are signals HVPRI_A 110, HV_PRI_CT 146 and 

HVJPRIJB 1 12 which are input to the High Voltage Power Supply 1500. The High 
Voltage Power Supply 1500 produces as outputs the signals HV 102, KVJFDBK 104 
and KV_GND_SENSE 124. 

1 5 The Beam Current Enable Control Loop 2000 has as inputs the BC ENABLE 

signal 232, control signal BC_CTRL 200 and BC_FDBK signal 204 and produces as 
outputs FILJDRV signal 228 and BC_MON Signal 216, which is proportional to the 
beam current and is provided as an output from the invention to allow external 
equipment to monitor the beam current actually achieved in comparison to the current 

20 requested by the BC_CTRL input signal, thereby providing a means for fault 
detection. The Filament Transformer and X-Ray Tube 2500 has input signals 
FILJDRV 228 and HV and produces as output signal BC _FDBK 204. 

The foregoing signals, components, and the operation thereof, are described in 
25 more detail in following paragraphs. 
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Figure 3 A is an example 1 100 of an embodiment of components that may be 
included in the high voltage control loop 1000 and the high voltage power supply 
1500. Components within 1000 may be included on the PCB 700 and components 
5 included in 1500 may be included within the module 400. The line 1200 represents 
the physical separation between components in 1000 and 1500 which are connected 
by the cable 800 as shown in the embodiment of Figures 1 A and IB. 

Figure 3B is an example 2100 of an embodiment of components that may be 
10 included in the Beam Current Control Loop 2000 and the Filament Transformer and 
X-Ray Tube 2500. Components within 2000 may be included on the PCB 700 and 
components included in 2500 may be included within the module 400. The line 2200 
represents the physical separation between components of 2000 and which are 
connected by the cable 800 to other components in 2500. 

15 

Referring now to Figures 3 A, 4A, 4B and 4C, operation of an embodiment 1000 
of a High Voltage Control Loop 1000 and Power Supply 1500 is described. Figures 
4A, 4B and 4C provide more detail of components included in Figure 3A. In 
particular, Figure 4A is an example of a schematic including the KV Error Processing 
20 128 and the KV Monitor Output Filter 132. Figure 4B is an example of a schematic 
including the Resonant Converter 128. Figure 4C is an example of a schematic 
including the HV Multiplier Block 118. 

An input control signal, 100, (KV_CTRL) establishes the desired high voltage 
25 output 102. A feedback signal, 104, (KVFDBK) developed from measurement of 



the actual high-voltage output 102 by a high resistance voltage divider 122 is applied 
to the positive input of an instrumentation amplifier 130 at U18-3. A ground sense 
signal 124 (KVJ3ND_SENSE) is applied to the negative input of this instrumentation 
amplifier 130 at U18-2 . The purpose of this ground sense signal 124 is to correct 104 

„ J5 for any,err orsinduc ed.due.to g round drops which ma y be presentbetween U18 and. ^ 

122 which is necessary to provide accurate control of the high voltage output. 

Referring now to Figure 4A, this corrected feedback signal 126 at U18-6 is 
applied to the input of the KV Error Processing block 128 which includes a 

10 proportional-integral-derivative (PE>) control function incorporating U17A. This 

block 128 performs several functions. It first compares the input control signal 100 to 
the corrected feedback signal 126 and generates an error signal based on the 
difference in current flowing in resistors R55 and R60. To achieve high accuracy 
control of the beam current, resistors with extremely tight tolerances and excellent 

1 5 temperature stability may be preferrably utilized. The derivative of the feedback 
signal 126 in this embodiment is developed through C29 and R53. Derivative 
feedback may be used to improve transient response and reduce control loop 
overshoot. 

20 In the particular embodiment of Figure 4A, transient behavior of the system 

may be acceptable for an intended application or use without a need for including a 
derivative feedback. Consequently, the particular components and/or connections 
described herein for use with the derivative feedback are not used in this embodiment 
described herein and are rather indicated in Figure 4 A with component values of do- 

25 not-populate (DNP). However, an embodiment utilizing derivative feedback may also 
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utilize these components in another embodiment. Provisions for the components in 
the circuit architecture are provided to allow for maximum flexibility in tailoring the 
control loop response to the specific requirements of particular applications and 
embodiments. The integral of the error is developed through R70 and C45. Integral 
5 feedback is utilized to eliminate any residual DC offset error which may otherwise 
occur between the requested input value 100 (KV_CTRL) and the actual value as 
indicated by 104 (KVJFDBK). Scaled versions of the proportional, integral and 
derivative of this error are developed and combined by the operation of U17A to 
produce the error signal 106, (KV_ERROR). This PID architecture permits high 
10 accuracy, stability and fast transient response of the control loop to be realized. In 
different embodiments, various combinations of proportional integral and derivative 
feedback may be utilized to achieve different control loop response characteristics. 

This corrected feedback signal 126 at U18-6 is also applied to the input of the 
1 5 KV Monitor Output Filter block 1 32. In this embodiment, the purpose of this block 
132 is to filter, scale and invert 126 to create the output signal 134 (KV_MON). Other 
forms of output signal conditioning are also possible. This signal is proportional to the 
high voltage output and is provided as an output from the system 10 to allow external 
equipment to monitor the high voltage actually achieved in comparison to the high 
20 voltage requested by the KV_CTRL input signal, thereby providing a means for fault 
detection. 

Referring now to Figure 4B, the error signal 106 is applied to the input of a 
resonant converter 108. The resonant converter 108 includes components U9, U10, 
25 and Ul 1 . The resonant converter 108 functions to provide an amplitude modulated 



sine wave drive to the primary side input of the high voltage step up transformer 136. 
The inductance of the transformer 136 primary in conjunction with the reflected 
secondary-side inductance resonate with capacitor C2 and the added capacitance of 
the transformer 136 reflected secondary-side capacitance. This resonance results in a 

5 sinusoidal wayeform applied to t he transf ormer primary input te^ 

Alternatively switching U9-2 and U9-4 by U10-2 and U10-1 respectively at the 
resonant frequency provides the means to sustain the oscillation. The oscillation 
frequency is sensed by 1 14 and provided as an input at U10-9. Switching occurs 
during the zero-crossing of the sinusoidal waveform to achieve minimum power loss 

1 0 during the switching transitions. 

The amplitude of the sinusoid, and thus the magnitude of the high voltage 
output 102 is established by the action of the pulse width modulated output signal 116 
at U10-14. This signal is applied to the gates of the dual FET array Ul 1, at Ul 1-2 and 

15 Ul 1-4. The FET array Ul 1 contains complementary N and P channel FETs which 
alternately conduct in response to 1 16. To minimize power consumption during 
switching and improve power supply efficiency, components R33, R37, D8A and 
D8B are employed to prevent simultaneous conduction of the N and P channel FETs 
by combining to provide a slow rising edge and a fast falling edge of the signals 

20 applied to the gates of the FETs at Ul 1-4 and Ul 1-2. 

The duty cycle of 116 is determined by the magnitude of the error signal 106. 
The duty cycle determines the average current through LI and thus the amplitude of 
the voltage applied to the center tap (HVJ>RI_CT) 146 of 136. This center tap 
25 voltage in turn establishes the amplitude of the resonant sinusoidal voltage across the 
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136 primary windings. This resonant converter power supply is enabled by asserting 
the high voltage enable signal 138 (KVJSNABLE). 

Referring now to Figure 4C, the output of transformer 136 is applied to the 
5 input of a diode-capacitor voltage multiplier of a standard Cockroft- Walton 
configuration 118. The diodes in the multiplier chain are oriented to provide a 
negative high voltage output relative to electrical ground thereby allowing the X-ray 
tube 120 to be operated in. a grounded anode configuration. Other embodiments are 
possible whereby the diodes are oriented to provide a positive high voltage output 

1 0 relative to electrical ground. In the grounded anode configuration, the high voltage 
output of the multiplier is applied to the cathode of the X-ray tube 120 as the 
accelerating voltage. The high voltage output is also sensed through a high resistance 
voltage divider 122 to develop the high-voltage feedback signal 104 as discussed 
above. Control of the high voltage output is provided through adjustment of the input 

15 control signal 100. A ground reference signal, 124, (KV_GND_SENSE) is used to 
monitor and compensate for errors introduced into the feedback signal 104 due to 
ground drops in any interconnecting cables between the low voltage control 
electronics and the high voltage power supply, 

20 It should be noted that the combination of resonant converter 108, step up 

transformer 136 and high voltage multiplier 1 18 are used to generate the accelerating 
voltage for an X-ray tube 120. Resonant converters and associated step-up 
transformers are known in the backlight inverter power supply industry as a power- 
efficient topology employed in power supply applications intended to power cold 

25 cathode fluorescent tubes (CCFL). These CCFL devices are used, for example, as 



backlights for liquid crystal displays (LCD) in battery operated applications. In those 
applications, the high voltage achieved from the inverter output is typically no more 
than a few kilovolts, and can be achieved by the direct output from a step-up 
transformer such as 136. In the embodiment described herein, the resonant converter 

,5 and transformer technologyJs coupled . with the high yoltage multiplier. US.to achieve 

a significantly higher output voltage than as used in connection with the conventional 
power supply applications. As used herein, these components are used in 
combination in applications to generate a much higher output voltage above the 
requirements of the intended applications, for example, as may be documented in 

10 manufacturers' supporting technical literature. 



In the foregoing description, the resonant converter and a transformer are used 
in combination with a high voltage multiplier chain. The resonant converter and 
transformer are typically included in, for example, CCFL backlight inverters. The 

1 5 foregoing arrangement combines the resonant converter and transformer with a high 
voltage multiplier chain to produce an output high voltage that is much larger than 
that used in the existing CCFL applications. Additionally, use of this CCFL backlight 
inverter technology, and in particular the stepup transformer as described herein, 
permits the size of the overall packaging of the high voltage power supply to be 

20 significantly reduced. Other existing approaches to creating the high accelerating 
voltage for the X-ray tube may not result in the tight packaging needed in an 
embodiment. The foregoing arrangement offers advantages of high voltage power 
supply that is small in size and has a high power efficiency. These may not be 
characterized as typical design factors considered in connection with designs of 
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existing X-ray tube technology devices which may use, for example, much larger X- 
ray tubes and AC-mains-powered power supplies. 

5 Referring now to Figures 3B, 5A, 5B and 5C, operation of an embodiment 

2100 of a Beam Current Control Loop 2000 and Filament Transformer and X-Ray 
Tube 2500 is described. Figures 5 A, 5B and 5C provide more detail of components 
included in Figure 3B. In particular, Figure 5B is an example of a schematic 
including the BC Error Processing 210 and BC Monitor Output Filter 214. Figure.5B 
10 is an example of a schematic including the Filament Drive 218 and Chopper and AC 
Coupling 220. Figure 5C is an example of a schematic including the Filament 
Transformer and X-Ray Tube 2500. 

In the operation of the Beam Current Control Loop 2000, an input control 
15 signal, 200, (BC_CTRL) establishes the desired X-ray tube beam current output. A 
feedback signal voltage, 204. (BCJFDBK), developed from the beam current by 
passing it through a beam current sense resistor 206 to ground is applied to the 
positive input of an instrumentation amplifier 206 at U4-3. To achieve high accuracy 
control of the beam current, resistor 206 may be preferrably specified with an 
20 extremely tight tolerance and excellent temperature stability. In this embodiment, the 
beam current sense resistor 206 is physically located in close proximity to U4. 
Consequently, ground sensing and correction is not employed, as there is no 
significant difference between the ground level at the bottom 206 and the ground 
reference point at U4-2. In other embodiments, the beam current sense resistor 206 
25 may be located at some distance from U4, possibly in the high voltage power supply 
or in proximity to the X-ray tube. In these embodiments it may be desirable to employ 



a similar ground sensing and error correction approach as may be employed for the 
high voltage circuit 1 100. Specifically, U4-2 may be directly connected to the 
grounded end of 206 instead of local ground, 

5 JThe conditioned feedback signal 20 8 at the,output from.Ui-6 is. applied tojhe^ 

input of the BC Error Processing block 210 which includes a proportional-integral- 
derivative (PID) control function incorporating USA. This block performs several 
functions. It first compares the input control signal 200 to the conditioned feedback 
signal 208 and generates an error signal based on the difference in current flowing in 

1 0 resistors R9 and R10. To achieve high accuracy control of the beam current, resistors 
with extremely tight tolerances and excellent temperature stability are utilized. Scaled 
versions of the proportional, integral and derivative of this error are developed and 
combined by the operation of USA to produce the error signal 212, (BCJSRROR). 
This PID architecture permits high accuracy, stability and fast transient response of 

1 5 the control loop to be realized. In different embodiments, various combinations of 
proportional, integral and derivative feedback may be utilized to achieve different 
control loop response characteristics. 

This conditioned feedback signal 208 at U4-6 is also applied to the input of the 
20 BC Monitor Output Filter block 214. In this embodiment of the invention, the 

purpose of this block is to filter, scale and invert 208 to create the output signal 216 
(BC__MON). Other forms of output signal conditioning are also possible. Signal 216 is 
proportional to the beam current and is provided as an output from the invention to 
allow external equipment to monitor the beam current actually achieved in 
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comparison to the current requested by the BC_CTRL input signal, thereby providing 
a means for fault detection. 

Referring now to Figure 5B, in this embodiment, the error signal 212 
5 (BC JERROR) is applied to the input of a filament drive power supply 2 1 8 that 

provides heater current to the filament. In other embodiments, this error signal may be 
first applied to a linearization stage which takes the fourth root of the error signal to 
compensate for the approximately 4 th power dependence of beam current production 
on filament temperature. Other modifications or scalings of this error signal are also 
1 0 possible in other embodiments. 

The filament drive power supply 218 includes an adjustable boost regulator 
comprised of switching regulator Ul and an output voltage sense resistor network 
R34 and R32. This network serves to maintain the DC output voltage 222 at a 
15 nominal fixed value. Adjustment of this boost regulator is achieved by applying the 
error signal 212 to the center node of the resistor network through R35'. In this 
manner, current sourced or sunk through R35 by the action of USA causes Ul to 
adjust output voltage 222 to compensate. This power supply is enabled by asserting 
the beam current enable signal 232 (BCJENABLE). 

20 

DC output signal 222 is applied to the input of a chopper and AC coupling 
block 220 which converts this adjustable DC signal into an AC waveform. The 
chopper includes U16, U15 and U7. U16 is a fixed frequency oscillator which 
produces a nominal 50% duty cycle square wave output 224, which is then applied to 
25 U15, a MOSFET driver. The outputs U15-6 and U15-7 drive the gates of dual FET 



array U7, containing complementary N and P channel FETs. The FETs alternately 
conduct, thereby chopping the DC input voltage 222 at U7-3 and provide a chopped 
DC output 226 at U7-5, 6, 7, 8. To minimize power consumption during switching 
and improve power supply efficiency, components Rl 1, R13, D6A and D6B are 

. 5 employedicpreyent .simultaneousxonduction of ihe JSLand P^channel EETs by^~^_=^ 

combining to provide a slow rising edge and a fast falling edge of the signals applied 
to the gates of the FETs at U7-4 and U7-2. 

The chopped DC signal 226 is applied to AC coupling capacitor C3 to remove 
10 the DC component and create an AC waveform as signal 228 (FILJ5RV), which is 
used to drive the primary side of the filament drive isolation transformer 230 as 
shown in Figure 5C. The secondary side of this transformer 230 is connected to the 
filament within the X-ray tube 120 at the cathode end. A connection between this 
transformer secondary and the output from the high voltage power supply 102 is also 
1 5 established to raise the filament to the accelerating voltage potential. A high degree of 
voltage isolation is provided across the primary and secondary windings of 230 to 
prevent voltage breakdown during operation. 

Beam current is produced by increasing the value of the input control voltage 200 
20 (BC_CTRL) from zero volts. This has the effect of raising the output voltage of the 
filament power supply 222 from a minimum value to a value sufficient to heat the 
filament adequately to create thermionic emission. The minimum output voltage of 
222 is set to prevent the filament from achieving adequate temperature to initiate 
emission but is sufficient to raise the filament temperature to an intermediate value to 
25 warm it up. In this manner, a short filament turn-on response time is achieved when 
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beam current is requested by avoiding the time associated with heating the filament 
up from a cold condition. 

Referring now to Figure 5D, shown is an example of a configuration 4000 that 
5 may included in an embodiment to perform beam current sensing. The beam current 
feedback signal 204(BC_FDBK) is developed as follows: Beam current flows through 
the high voltage multiplier chain 118 and into the X-ray tube 120 filament where it is 
summed in with the filament heater current from the filament drive isolation 
transformer 230. Electrons thermionically emitted from the heated filament constitute 

10 the beam current that then flows from the cathode (filament) of the X-ray tube to its 
anode (target and window). A precision beam current sense resistor 206 connects the 
anode to ground. The current flows through resistor 206 and back into the high 
voltage multiplier chain 1 18 via the ground return path 142 to complete the circuit. 
The beam current feedback signal voltage 204 (BCJFDBK) is generated by sensing 

15 the voltage at the anode end of the beam current sense resistor 206. Only millivolts of 
signal need be generated, so that the X-ray tube anode is maintained, essentially, at 
ground potential. 

It should be noted that Figure 5D includes components from the various 
20 components and connections therebetween as described previously herein, for 

example, in Figures 3 A and 3B. The particular components included in Figure 5D are 
selected for purposes of illustrating and explaining operation and development of the 
beam current feedback signal 204(BCJPDBK). 



An embodiment may also include other variations with respect to producing 
the beam current feedback signal 204(BC_FDBK). Figure 5D illustrates an 
arrangement in which beam current sensing is performed at the X-Ray tube anode 
based on the electron beam current flowing to ground through the beam current sense 

5 resistor.206.~What will now-be described is another altemate arrangement that may ^ 

be used in connection with producing the beam current feedback signal 
204(BCJFDBK) which, in contrast to the arrangement of Figure 5D, performs beam 
current sensing based at the high voltage multiplier 118 ground. 

10 Referring now to Figure 5E, shown is an example of a configuration 4002 that 

may included in an embodiment to perform beam current sensing. In this 
configuration 4002, the X-ray tube 120 anode may be tied directly to ground with the 
beam current sensed as the return current back into the high voltage multiplier. The 
beam current sense resistor 206 is placed in series with the ground connection to the 

1 5 high voltage multiplier chain 118. Beam current flowing from the X-ray tube 120 
anode through the ground return path and back into the high voltage multiplier chain 
1 18 as a return current develops a voltage across this beam current sense resistor 206 
which is subsequently utilized as the beam current feedback voltage. 

20 In the configuration 4000, the high voltage sense resistive divider 122 is 

connected to the top of 206 as shown, rather than being connected directly to ground 
(as in Figure 5E), which causes all of the returning beam current to flow through 206. 
In this manner an accurate measure of beam current can be made. The polarity of 204 
(BC_FDBK) is inverted from the polarity of the voltage which results from the 

25 configuration in Figure 5E. Consequently, when using the configuration 4002 of 
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Figure 5E, the connections at the inputs of U4-2 and U4-3 (Figure 5 A) are reversed 
for proper operation. For accurate measurement of high voltage, the differential 
voltage across the bottom part of the high voltage divider 122 is measured. This can 
be accomplished at instrumentation amplifier 130 (Figure 4A) by connecting 
5 instrumentation amplifier 130 pin U18-2 directly to 204 (BCJFDBK) thereby 
breaking the connection to 124 (KV_GND_SENSE). In this manner, the voltage 
drop across 206 is subtracted from 104 (KV_FDBK) to create the corrected feedback 
signal 126 at Ul 8-6. 

10 An embodiment may also fix the DC source input voltage. As described 

herein, a battery may be used as a part of the power supply. However, an 
embodiment may also include other power sources, for example, using a DC source 
plugged into a wall plug or outlet. 



1 5 The resonant converter block 1 08 of the high voltage control loop and power 

supply 1000 is based on pulse width modulation of an input voltage to achieve a 
variable output. This variable output is applied to a voltage multiplier chain through a 
step-up transformer to achieve, in conjunction with the operation of the control loop, 
an adjustable high voltage output. In certain battery powered applications, the input 

20 voltage to the resonant converter 108 may be taken directly from a battery. However, 
the battery output voltage is typically unregulated and decreases as the battery drains. 
A variety of voltage regulators are available to regulate the voltage supplied to 
resonant converter 108. An exemplary regulator circuit is described in technical note 
LTC 1772, available from Linear Technology at www.linear- 



tech.com/pdf/1772fs.pdf., entitled "Constant Frequency Current Mode Step-Down 
DC/DC Controller in SOT-23". 

Other voltage regulator architectures, such as boost and buck-boost, may also 

JL _ be employed based . on the requirements of the specific application. -Whatis of 

importance is that the regulator maintain a fixed output voltage which is independent 
of battery input voltage variations, regardless of the particular regulator architecture 
employed. 

10 It should be noted that in the foregoing, the low voltage control electronics 

may be powered by a variable DC source input voltage. The variability may be within 
a specified range to supply a predetermined voltage in accordance with an 
embodiment irrespective of the variable source input. In one embodiment, the 
system may operate in a range of +4volts to +10 volts although other embodiments 

1 5 may use other ranges. 

The foregoing description provides a low power, high efficiency, electrically 
shielded and radiation-shielded X-ray module that may include an X-ray source, high 
voltage power supply and high accuracy control electronics and that can be 

20 configured into complex geometries for use in field-portable X-ray instruments used 
in a wide variety of applications. The compact X-ray module may be utilized in 
devices applications where space is restricted. The lightweight X-ray module may be 
included in, for example, hand-held, portable instruments. The X-ray module may be 
powered by a small low-voltage battery with an unregulated output, and provide the 

25 advantage of being highly power efficient, for low power applications. In the 
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radiation-shielded X-ray module described herein, the weight of the radiation 
shielding is minimized in accordance with the requirements for use in a hand-held 
instrument. 

5 The foregoing description also provides a highly power efficient drive circuit 

for a compact X-ray unit. The X-ray module is capable of controlling the X-ray 
output to a high degree of accuracy, precision and stability. The foregoing X-ray 
module includes a highly flexible and adaptable internal architecture that can interface 
with X-ray tubes from different suppliers. The X-ray module described herein may 

10 include a miniature, low-power X-ray tube and high voltage power supply 
encapsulated in a rigid, free standing, electrically insulating material. The 
encapsulation material may surround any or all portions of the X-ray tube, high 
voltage power supply and control electronics, with the exception of the X-ray output 
window of the X-ray tube, which is left exposed. A thin layer of conductive material 

1 5 adherent to the outer surface of the rigid encapsulating material provides a grounded 
conducting surface to shield electric fields from the module. By eliminating the need 
for an external grounded housing, the dimensions of the X-ray module described 
herein may be minimized. Additionally, the mechanical rigidity of the X-ray module 
may be provided by the rigid encapsulating material so that the module may be easily 

20 and economically configured in a wide range of complex geometries. 

The electrically-insulating encapsulation material described herein may 
contain a radio-opaque material, that may be conductive or non-conductive, that 
shields X-rays emanating from the unit. It should also be noted that it may be 
25 preferred that the combination of the radio-opaque material included with the 



encapsulation material have a high dielectric strength approximately close to the 
dielectric strength of the encapsulation material. By incorporating the radio-opaque 
material into the electrically-insulating encapsulating material, the radio-opaque 
material is brought into close proximity to the X-ray tube, thereby providing 

5 ma^msM^^ 

of the combined radio-opaque and encapsulating material may be chosen so as to 
retain the high dielectric strength of the encapsulating material. Thus, the radio- 
opaque encapsulating material can be brought into close contact with all parts of the 
X-ray tube, further maximizing the shielding effectiveness. Additionally, by retaining 

1 0 the high dielectric strength of the encapsulating material, the high voltage insulating 
thickness and the overall dimensions of the module remain substantially unchanged. 

The foregoing description provides for efficient delivery of electrical power to 
the high voltage power supply of the high voltage module. It may be preferred to 

1 5 drive a high voltage DC power supply at the highest possible frequency in order to 
obtain the best possible voltage regulation. At sufficiently high frequencies, the stray 
capacitance to ground of the high voltage power supply becomes the dominant load. 
In order to achieve the advantage of a very compact module size, the foregoing 
includes a module surrounded by the smallest possible thickness of high dielectric 

20 strength material which is then coated with a conducting material to provide a ground 
plane. The design of the foregoing includes an increase in the stray capacitance to 
ground of the high voltage power supply relative to a design in which the ground 
plane is located at a larger average distance from the components of the high voltage 
supply. In order to provide the highest possible power efficiency, the high voltage 

25 power supply may be driven by a resonant converter circuit. It will be appreciated that 
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the small size of the encapsulated high voltage module and the resonant converter of 
the low voltage drive circuit work together in the foregoing arrangement to provide a 
maximally compact and power efficient X-ray source for use in field- portable, 
battery operated X-ray instruments. 

5 

The foregoing also utilizes amplitude-modulation techniques in the resonant 
converter circuit and filament drive circuit to provide for high voltage and beam 
current output adjustment. Use of these techniques also provides an advantage of a 
power-efficient design. 

10 

The foregoing also provides for control electronics designed to operate over a 
wide range in input voltage such as may be obtained from a battery power source. 
This may be characterized as an important consideration for battery-operated 
instrumentation, in which the battery voltage may be directly applied to the circuits. 
1 5 By operating directly from the battery, this circuit does not require pre-regulation of 
the battery voltage, thereby reducing circuit complexity and allowing for a more 
compact design, and avoiding power losses associated with this pre-regulation stage, 
resulting in a more power-efficient design. 

20 An additional aspect of the foregoing is that the electronics design architecture 

offers flexible configurability, thereby allowing the low voltage control circuits to be 
directly coupled to, and optionally encapsulated with the X-ray tube and high voltage 
power supply assembly, or connected to a separately encapsulated X-ray tube and 
high voltage power supply assembly via a thin, flexible, low voltage interconnect 



cable. This packaging flexibility allows for configurations of a large variety of spatial 
geometries as dictated by available space and packaging requirements. 

A more detailed aspect set forth herein provides an advantage of flexibility in 

.-...^5 -the electronics design to allow .the use of X-ray tubes from different commercial . 

vendors. The control system architecture is such that one desigri implementation may 
be utilized with different X-ray tubes within a defined range of specification. 

Use of the techniques described herein provides for a self-contained, very 
10 small, lightweight power-efficient X-ray source module, especially suitable for hand 
held, battery operated, portable instruments used in on-site inspection and analyses. 
One use of the instruments employing the techniques herein is materials analysis 
instrumentation based on X-ray fluorescence spectroscopy, whereby the instruments 
employing the techniques described herein may replace the radioactive isotope 
1 5 commonly used as the X-ray source. Furthermore, utilizing the techniques described 
herein allows for the integration of an X-ray tube and associated high voltage 
electronics in a single, electrically-shielded and radiation-shielded unit that is 
lightweight, compact and safe enough to be operated in a handheld X-ray instrument. 
Further, power efficient control electronics may be used allowing the unit to operate 
20 from a standard, low-power battery. As also described herein, the foregoing 
techniques may be employed in devices configured into complex geometries in 
accordance with the spatial requirements of specific instruments. 

While the invention has been disclosed in connection with various 
25 embodiments, modifications thereon will be readily apparent to those skilled in the 
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art. Accordingly, the spirit and scope of the invention is set forth in the following 
claims. 



What is Claimed is: 



1. A radiation-shielded X-ray module comprising: 
an X-ray tube that emits X-rays; 

~5 ^ :a high -voltage .power-supply coupled.to^^ 

voltage for use with said X-ray tube; and 

electrical connection that connects the X-ray tube to the high voltage power 
supply, wherein the X-ray tube, the high voltage power supply and the electrical 
connection are encapsulated in a solid, electrically-insulating material containing a 

10 radio-opaque material, said radio-opaque material including a material selected from 
the group consisting of tungsten, lead, calcium, tantalum, tin, molybdenum, copper, 
strontium, barium, aluminum, bismuth, alumina, lead oxide, barium sulfate, bismuth 
oxide, calcium carbonate, and compounds and mixtures containing any of the above 
materials. 

15 

2. The radiation-shielded X-ray module of Claim 1, further comprising: 
a resonant converter that drives said high voltage power supply. 

3. The radiation-shielded X-ray module of Claim 2, further comprising: 
20 a step up transformer connected to said resonant converter; and 

a high-voltage multiplier driven by said step up transformer. 

4. The radiation-shielded X-ray module of Claim 1, wherein an amount of 
said radio-opaque material is selected in accordance with a predetermined degree of 

25 radiation attenuation. 
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5. The radiation-shielded X-ray module of Claim 1, further comprising: 
a thin conductive layer over said solid, electrically insulating material to 

provide electric shielding. 

5 

6. The radiation-shielded X-ray module of Claim 5, wherein said thin 
conductive layer is formed from one of: a conductive metallic paint, a thin metal foil, 
and a metallized polymer. 

10 7. The radiation-shielded X-ray module of Claim 6, wherein said thin 

conductive layer is formed from a thin metal foil made from at least one of: copper 
and aluminum. 

8. The radiation-shielded X-ray module of Claim 7, wherein said thin metal 
15 foil is adhered directly to said solid, electrically insulating material using an adhesive. 

9. The radiation-shielded X-ray module of Claim 1, wherein the solid, 
electrically-insulating material is molded into a complex shape. 

20 

10. The radiation-shielded X-ray module of Claim 1, wherein the X-ray tube 
and the high- voltage power supply are connected by a coaxial cable. 

11. The radiation-shielded X-ray module of Claim 1, wherein the radiation- 
25 shielded X-ray module is included in a portable X-ray instrument. 



12. An X-ray module comprising 

an X-ray tube, 

a resonant converter, 

a high voltage power supply driven by the resonant converter, 

5 _electricalconne — 

supply and connects the high voltage power supply to the resonant converter, wherein 
the X-ray tube, high voltage power supply and electrical connection connecting the X- 
ray tube to the high voltage power supply are encapsulated in *a solid, electrically- 
insulating material, said electrically-insulating material including a radio-opaque 
10 material selected from the group consisting of tungsten, lead, calcium, tantalum, tin 5 
molybdenum, copper, strontium, barium, aluminum, bismuth, alumina, lead oxide, 
barium sulfate, bismuth oxide, calcium carbonate, and compounds and mixtures 
containing any of the above materials. 

15 13. The X-ray module of Claim 12, wherein said solid, electrically insulating 

material comprises at least one of: epoxy, urethane, and silicon potting compound. 

14. The X-ray module of Claim 12, further comprising: 

a thin conductive layer over said solid, electrically insulating material to 
20 provide electric shielding. 

15. The X-ray module of Claim 14, wherein said thin conductive layer is 
formed from one of: a conductive metallic paint, a thin metal foil, and a metallized 
polymer. 

25 
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16. The X-ray module of Claim 15, wherein said thin conductive layer is 
formed from a thin metal foil made from at least one of: copper and aluminum. 

17. The X-ray module of Claim 16, wherein said thin metal foil is adhered 
5 directly to said solid, electrically insulating material using an adhesive. 

IS. The X-ray module of Claim 12, wherein the solid, electrically-insulating 
material is molded into a complex shape. 

10 19. The X-ray module of Claim 12, wherein the X-ray tube and the high- 

voltage power supply are connected by a coaxial cable. 



20. The X-ray module of Claim 12, wherein the X-ray module is included in 
a portable X-ray instrument. 

15 

2 1 . A method of producing an X-ray module comprising: 
encapsulating electronic components used in X-ray emission in a solid cast 

block including a radio-opaque material, said radio-opaque material including a 
material selected from the group consisting of tungsten, lead, calcium, tantalum, tin, 
20 molybdenum, copper, strontium, barium, aluminum, bismuth, alumina, lead oxide, 
barium sulfate, bismuth oxide, calcium carbonate, and compounds and mixtures 
containing any of the above materials; and 

surrounding said solid cast block by a conductive layer. 



25 22. The method of Claim 21, wherein said solid cast block comprises at least 

one of epoxy, urethane, and a silicon potting compound. 



23. The method of Claim 21, further comprising: 

encapsulating power and control circuit components in a solid cast block 
including a radio-opaque material 

24. The method of Claim 21, further comprising: 

casting said solid cast block using a two-part epoxy-resin casting system. 

25. The method of Claim 21, wherein an amount of said radio-opaque 
10 material is in accordance with a predetermined degree of radiation attenuation. 

26. The method of Claim 21, wherein said conductive layer is formed from 
one of: a conductive metallic paint, a thin metal foil, and a metallized polymer. 

15 27. The method of Claim 26, wherein said conductive layer is formed from a 

thin metal foil made from at least one of: copper and aluminum. 

28. The method of Claim 27, further comprising: 

adhering said thin metal foil directly to said solid, electrically insulating 
20 material using an adhesive. 

29. The method of Claim 21, wherein the X-ray module is included in a 
portable X-ray instrument. 
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30. A radiation-shielded X-ray module comprising: 
an X-ray tube that emits X-rays; 

a high voltage power supply coupled to said X-ray tube that supplies a high 
voltage for use with said X-ray tube; and 
5 electrical connection that connects the X-ray tube to the high voltage power 

supply, wherein the X-ray tube is encapsulated in a solid, electrically-insulating 
material containing a radio-opaque material, said radio-opaque material including a 
material selected from the group consisting of tungsten, lead, calcium, tantalum, tin, 
molybdenum, copper, strontium, barium, aluminum, bismuth, alumina, lead oxide, 
10 barium sulfate, bismuth oxide, calcium carbonate, and compounds and mixtures 
containing any of the above materials. 



3 1 . The radiation shielded X-ray module of Claim 30, wherein the radiation- 
shielded X-ray module is included in a portable X-ray instrument. 

15 

32. The radiation-shielded X-ray module of Claim 30, further comprising: 
a resonant converter that drives said high voltage power supply. 

33. The radiation-shielded X-ray module of Claim 30, further comprising: 
20 a step up transformer connected to said resonant converter; and 

a high-voltage multiplier driven by said step up transformer. 

34. The radiation-shielded X-ray module of Claim 30, wherein an amount of 
said radio-opaque material is in accordance with a predetermined degree of radiation 

25 attenuation. 



35. The radiation-shielded X-ray module of Claim 30, further comprising: 
a thin conductive layer over said solid, electrically insulating material to 
provide electrical shielding. 



-5 — , , 

36. The radiation-shielded X-ray module of Claim 35, wherein said thin 
conductive layer is formed from one of: a conductive metallic paint, a thin metal foil, 
and a metallized polymer. 

10 37. The radiation-shielded X-ray module of Claim 36, wherein said thin 

conductive layer is formed from a thin metal foil made from at least one of: copper 
and aluminum. 

38. The radiation-shielded X-ray module of Claim 37, wherein said thin metal 
15 foil is adhered directly to said solid, electrically insulating material using an adhesive. 



39. The radiation-shielded X-ray module of Claim 30, wherein the solid, 
electrically-insulating material is molded into a complex shape. 

20 

40. The radiation-shielded X-ray module of Claim 30, wherein the X-ray tube 
and the high-voltage power supply are connected by a coaxial cable. 

41. The radiation-shielded X-ray module of Claim 30, wherein the radio- 
25 opaque material comprises barium sulfate or an oxide of tungsten, lead, or bismuth. 
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42. A system that generates X-rays comprising: 
an X-ray tube that emits X-rays; 

electron beam current control electronics that controls an electron beam 
current of said X-ray tube using a first feedback signal based on a measure of an 
5 electron beam current of the X-ray tube; and 

high voltage control electronics that controls a high voltage power supply 
using a second feedback signal based on voltage sensing, wherein a resonant 
converter drives said high voltage power supply and a beam current sense resistor is 
connected to an anode of the X-ray tube and said beam current sense resistor to 
10 generate said first feedback signal. 

43. The system of claim 42, wherein a voltage regulator provides a fixed input 
voltage to the resonant converter. 

15 44. The system of claim 42, wherein the system is adapted and constructed to 

run off battery power, and wherein a maximum output of the resonant converter is 
independent of the battery voltage. 

45. The system of Claim 42, wherein the system is included in a portable X- 
20 ray instrument. 



46. A system that generates X-rays comprising: 
an X-ray tube that emits X-rays; 

a high voltage power supply coupled to said X-ray tube that supplies a high 
voltage forusejvvithsa^ 
tube including a filament; and 

a control circuit that controls said high voltage power supply and is responsive 
to a voltage feedback signal. 

47. The system of Claim 46, further comprising: 
means for generating said voltage feedback signal. 

48. The system of Claim 47, wherein said means for generating said voltage 
feedback signal includes a high-resistance voltage divider used to measure an actual 
voltage output of said high voltage power supply. 

49. The system of Claim 46, wherein said high voltage power supply 
includes: 

a step-up transformer connected to said resonant converter; and 
a high-voltage multiplier driven by said step-up transformer. 

50. The system of Claim 46, wherein the system is included in a portable X- 
ray instrument. 
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51. A radiation-shielded X-ray module comprising: 
an X-ray tube that emits X-rays; 

a high voltage power supply coupled to said X-ray tube that supplies a high 
voltage for use with said X-ray tube; and 
5 electrical connection that connects the X-ray tube to the high voltage power 

supply, wherein the X-ray tube, the high voltage power supply and the electrical 
connection are encapsulated in a solid, electrically-insulating material containing a 
radio-opaque material. 

10 52. The radiation-shielded X-ray module of Claim 51, further comprising: 

a resonant converter that drives said high voltage power supply. 

53. The radiation-shielded X-ray module of Claim 51, further comprising: 
a step up transformer connected to said resonant converter; and 

15 a high-voltage multiplier driven by said step up transformer. 

54. The radiation-shielded X-ray module of Claim 51, Avherein said radio- 
opaque material includes at least one of: tungsten oxide, lead oxide, calcium 
carbonate, a lead compound, barium sulfate, a tungsten compound, and alumina. 



20 



55. The radiation-shielded X-ray module of Claim 51, wherein an amount of 
said radio-opaque material is in accordance with a predetermined degree of radiation 
attenuation. 



25 



56. The radiation-shielded X-ray module of Claim 51, further comprising: 



a thin conductive layer over said solid, electrically insulating material to 
provide electric shielding. 

57. The radiation-shielded X-ray module of Claim 56, wherein said thin 

__5 _ xonductiveJayerJs formed.from one.of: a conductive.metallic .paint,-.a.thin.metal foil, 

and a metallized polymer. 

58. The radiation-shielded X-ray module of Claim 57, wherein said thin 
conductive layer is formed from a thin metal foil made from at least one of: copper 

10 and aluminum. 

59. The radiation-shielded X-ray module of Claim 58, wherein said thin metal 
foil is adhered directly to said solid, electrically insulating material using an adhesive. 

15 

60. The radiation-shielded X-ray module of Claim 51, wherein the solid, 
electrically-insulating material is molded into a complex shape. 

61 . The radiation-shielded X-ray module of Claim 51, wherein the X-ray tube 
20 and the high-voltage power supply are connected by a coaxial cable. 

62. The radiation-shielded X-ray module of Claim 51, wherein the radiation- 
shielded X-ray module is included in a portable X-ray instrument. 
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63. An X-ray module comprising 
an X-ray tube, 

a resonant converter, 

a high voltage power supply driven by the resonant converter, 
5 electrical connection that connects the X-ray tube to the high voltage power 

supply and connects the high voltage power supply to the resonant converter, wherein 
the X-ray tube, high voltage power supply and electrical connection connecting the X- 
ray tube to the high voltage power supply are encapsulated in a solid, electrically- 
insulating material. 

10 

64. The X-ray module of Claim 63, wherein said solid, electrically insulating 
material includes a radio-opaque material. 

65. The X-ray module of Claim 64, wherein said solid, electrically insulating 
15 material is formed from at least one of: epoxy, urethane, and silicon potting 

compound. 

66. The X-ray module of Claim 64, further comprising: 

a thin conductive layer over said solid, electrically insulating material to 
20 provide electric shielding. 

67. The X-ray module of Claim 66, wherein said thin conductive layer is 
formed from one of: a conductive metallic paint, a thin metal foil, and a metallized 
polymer. 



25 



68. The X-ray module of Claim 67, wherein said thin conductive layer is 
formed from a thin metal foil made from at least one of: copper and aluminum. 

x 69. The X-ray module of Claim 68, wherein said thin metal foil is adhered 
- 5— directly4o said,solid,,electrically4ns 

70. The X-ray module of Claim 63, wherein the solid, electrically-insulating 
material is molded into a complex shape. 

10 71 . The X-ray module of Claim 63, wherein the X-ray tube and the high- 

voltage power supply are connected by a coaxial cable. 

72. The X-ray module of Claim 63, wherein the X-ray module is included in 
a portable X-ray instrument 
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73. An X-ray module comprising: 

an X-ray tube that includes a filament and emits X-rays; 

a resonant converter; 

a high-voltage power supply driven by said resonant converter; 
5 low-voltage control electronics; and 

electrical connection that connects the X-ray tube to the high voltage power 
supply, connects the low-voltage control electronics to the resonant converter and 
connects the resonant converter to the high-voltage power supply. 

10 74. The X-ray module of Claim 73, wherein the X-ray tube, high-voltage 

power supply, and resonant converter are encapsulated in a solid electrically 
insulating material. 

75. The X-ray module of Claim 73, wherein said solid electrically insulating 
15 material includes a radio-opaque material. 

76. The X-ray module of Claim 73, wherein the X-ray tube, high-voltage 
power supply and resonant converter are encapsulated in a solid electrically insulating 
material. 

20 

77. The X-ray module of Claim 76, wherein said solid electrically insulating 
material includes a radio-opaque material. 

78. The X-ray module of Claim 76, wherein the solid electrically insulating 
25 material includes an epoxy. 



79. The X-ray module of Claim 78 wherein the radio-opaque material is made 
of a uniform distribution of particles of lead oxide throughout the epoxy. 

5 80,.Jfte_X7rayjnodute - ~ 

made of a uniform distribution of particles of tungsten oxide throughout the epoxy. 

81. The X-ray module of Claim 78, wherein the radio-opaque material is made 
of a uniform distribution of particles of barium sulfate throughout the epoxy. 

10 

82. The X-ray module of Claim 76, wherein the encapsulating material is 
molded into a complex shape. 

83 . The X-ray module of Claim 76, wherein a thin electrically conductive 
15 metal film is deposited on the exterior surface of the encapsulating material. 

84. The X-ray module of Claim 76, wherein a thin conductive metal layer 
conforming to the exterior surface of the encapsulating material is adhered to this 
surface. 

20 

85. An X-ray module of Claim 73, wherein the X-ray tube and the high- 
voltage power supply are connected by a coaxial cable. 

86. The X-ray module of Claim 73, wherein the resonant converter includes 
25 means for amplitude modulation. 



58 



7 



WO 2004/075610 



PCT/US2004/005190 



87. The X-ray module according to Claim 73, wherein the low-voltage 
control electronics are located on a printed circuit board directly coupled to the high- 
voltage power supply. 

5 

88. The X-ray module of Claim 73, wherein the low-voltage control 
electronics are located on a printed circuit board attached by a flexible low-voltage 
cable to the high-voltage power supply. 

10 89. The X-ray module of Claim 73, wherein the low-voltage control 

electronics are pov/ered by one of a fixed and a variable DC source input voltage. 

90. An X-ray module of Claim 73, wherein a plurality of the different X-ray 
tubes are compatible with an architecture of the low-voltage control electronics. 

15 

91. The X-ray module of Claim 73, wherein the architecture of the low- 
voltage control electronics employ a proportional-integral-derivative feedback control 
architecture. 

20 92. The X-ray module of Claim 73, wherein the low-voltage control 

electronics includes means to maintain a filament warming current. 



25 



93. The X-ray module of Claim 73, wherein the low-voltage control 
electronic circuits is responsive to at least one feedback signal from at least one of: an 
electron beam current of the X-ray tube, and an electron beam voltage. 



94. The X-ray module of Claim 73, wherein the X-ray module is included in a 
portable X-ray instrument. 

95. A method of producing an X-ra y module co mprising?/, 

encapsulating electronic components used in X-ray emission in a solid cast 
block including a radio-opaque material; and 

surrounding said solid cast block by a conductive layer, wherein said radio- 
opaque material includes at least one of: tungsten oxide, lead oxide, calcium 
carbonate, barium sulfate, a lead compound, a tungsten compound, lead, tungsten, and 
alumina, and any combination of the foregoing materials. 

96. The method of Claim 95, wherein said solid cast block is formed from at 
least one of epoxy, urethane, and a silicon potting compound. 

97. The method of Claim 95, further comprising: 

encapsulating power and control circuit components in a solid cast block 
including a radio-opaque material. 

98. The method of Claim 95, further comprising: 

casting said solid cast block using a two-part epoxy-resin casting system. 

99. The method of Claim 95, wherein an amount of said radio-opaque 
material is in accordance with a predetermined degree of radiation attenuation. 

60 



WO 2004/075610 



PCT/US2004/005190 



100. The method of Claim 95, wherein said conductive layer is formed from 
one of: a conductive metallic paint, a thin metal foil, and a metallized polymer. 

101. The method of Claim 100, wherein said conductive layer is formed from 
5 a thin metal foil made from at least one of: copper and aluminum. 

102. The method of Claim 101, further comprising: 

adhering said thin metal foil directly to said solid, electrically insulating 
material using an adhesive. 

10 

103. The method of Claim 95, wherein the X-ray module is included in a 
portable X-ray instrument. 



104. Control electronics used in an X-ray emitter comprising: 

electron beam current control electronics that controls an electron 
beam current using a first feedback signal based on current sensing of an emitted 
beam current, a beam current sense resistor being connected to an anode of an X-ray 
5„_^mbe wherein said3.eamxurrent,senseresi 
signal; and 

high voltage control electronics that controls a high voltage power supply 
using a second feedback signal based on voltage sensing, wherein a resonant 
converter drives said high voltage power supply. 

10 

105. A method for controlling electron beam current and voltage of an X-ray 
emitting device driven by a high voltage power supply comprising: 

producing a first feedback signal used in electron beam current control 
electronics that controls an electron beam current, said first feedback signal being 
1 5 based on current sensing of an emitted beam current, wherein said first feedback 
signal is generated using a beam current sense resistor connected to an anode of an 
X-ray tube; and 

producing a second feedback signal used in high voltage control electronics 
that controls a high voltage power supply, said second feedback signal being based 
20 on voltage sensing, wherein a resonant converter drives said high voltage power 
supply. / 
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106. A radiation-shielded X-ray module comprising: 
an X-ray tube that emits X-rays; 

a high voltage power supply coupled to said X-ray tube that supplies a high 
voltage for use with said X-ray tube; and 
5 electrical connection that connects the X-ray tube to the high voltage power 

supply, wherein the X-ray tube is encapsulated in a solid, electrically-insulating 
material containing a radio-opaque material. 



107. The radiation shielded X-ray module of Claim 106, wherein the 
10 radiation-shielded X-ray module is included in a portable X-ray instrument. 

108. The radiation-shielded X-ray module of Claim 106, further comprising: 
a resonant converter that drives said high voltage power supply. 



15 109. The radiation-shielded X-ray module of Claim 106, further comprising: 

a step up transformer connected to said resonant converter; and 
a high-voltage multiplier driven by said step up transformer. 

110. The radiation-shielded X-ray module of claim 106, wherein said radio- 
20 opaque material includes at least one of: tungsten oxide, lead oxide, barium sulfate, 
calcium carbonate, a lead compound, a tungsten compound, lead, tungsten, and 
alumina, and any combination of the foregoing materials. 



r 



111. The radiation-shielded X-ray module of Claim 106, wherein an amount 
of said radio-opaque material is in accordance with a predetermined degree of 
radiation attenuation. 



5. _il2.jrhe.r adiationTsh ieldedXTray.module.of 

a thin conductive layer over said solid, electrically insulating material to 
provide electrical shielding. 



1 13. The radiation-shielded X-ray module of Claim 1 12, wherein said thin 
10 conductive layer is fomied from one of: a conductive metallic paint, a thin metal foil, 

and a metallized polymer. 

114. The radiation-shielded X-ray module of Claim 113, wherein said thin 
conductive layer is formed from a thin metal foil made from at least one of: copper 

15 and aluminum. 

115. The radiation-shielded X-ray module of Claim 1 14, wherein said thin 
metal foil is adhered directly to said solid, electrically insulating material using an 
adhesive. 

20 

1 16. The radiation-shielded X-ray module of Claim 106, wherein the solid, 
electrically-insulating material is molded into a complex shape. 



25 



117. The radiation-shielded X-ray module of Claim 106, wherein the X-ray 
tube and the high-voltage power supply are connected by a coaxial cable. 

64 
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